Introduction
Urinary supersaturation is necessary for the nucleation and growth of crystals, but it is not enough for the formation of kidney stones [1] . Both stone formers and non-stone formers may produce supersaturated urine and excrete crystals [2] without ever forming kidney stones. The two most common crystalline constituents of kidney stones, calcium phosphate (CaP) and calcium oxalate (CaOx), are frequently seen in the human urine of healthy individuals as well as stone-forming patients [3] . These observations have led to the assumption that crystallization by itself is not harmful as long as crystals have a chance to pass freely down the renal tubules and be excreted in the urine. Troubles start when crystals are retained inside the kidney and establish a nidus for stone growth [1] . This review will focus on various aspects of crystal retention based upon the results of experimental animal model studies.
Kidney stones
Kidney stones are mineral concretions found in the renal calyces and pelvis, either free or attached to the renal papillae [4] . The attachment is achieved through sub-epithelial plaques, (Randall's plaques) present on the papillary surfaces, or crystal plugs (Randall's plugs), clogging the openings of the ducts of Bellini [4] [5] [6] . Randall's plaques Abstract Crystallization by itself is not harmful as long as the crystals are not retained in the kidneys and are allowed to pass freely down the renal tubules to be excreted in the urine. A number of theories have been proposed, and studies performed, to determine the mechanisms involved in crystal retention within the kidneys. It has been suggested that urinary transit through the nephron is too fast for crystals to grow large enough to be retained. Thus, free particle mechanism alone cannot lead to stone formation, and there must be a mechanism for crystal fixation within the kidneys. Animal model studies suggest that crystal retention is possible through both the free-and fixed-particle mechanisms. Crystal-cell interaction leads to pathological changes which promote crystal attachment to either epithelial cells or their basement membrane. Alternatively, crystals aggregate and produce large enough particles to block the tubules particularly at sites, where urinary flow is affected because of changes in the luminal diameter of the tubule. Crystal deposits plugging the openings of the ducts of Bellini may be the result of such a phenomenon. Intratubular crystals translocating to renal interstitium may produce osteogenic changes in the epithelial or endothelial cells resulting in the formation of the Randall's plaques. Thus, fixation appears to be either through the formation of Randall's plugs, crystal plugs clogging the openings of the 1 3 are interstitial deposits of apatitic CaP crystals and are seen in stone formers with idiopathic CaOx, brushite, primary hyperparathyroid, small bowel resection, and ileostomy stone disease [7] . Randall's plugs on the other hand can be apatite in primary hyperparathyroid stone formers, apatite with CaOx in brushite, obesity bypass, small bowel resection, renal tubular acidosis, and apatite with urate in ileostomy stone formers [7] . The Randall's plugs of stone patients with primary hyperoxaluria are made of CaOx [7, 8] .
Plaques appear to start deep inside the interstitium with the deposition of apatitic CaP in close association with the vasa recta [9, 10] , collecting ducts [11] , and/or loops of Henle (LH) [12, 13] . Mineralization continues with the calcification of interstitial components, including collagen fibers and membrane bound vesicles [14] . The mineralization front eventually reaches the renal papillary surface, and a sub-epithelial Randall's plaque is established. It appears that most plaques stay dormant and hidden under the papillary epithelium without supporting the development of a stone. Some of the plaques, however, become exposed to the pelvic urine after disruption of the papillary epithelium. In the case of CaOx stone formers, exposure of these plaques to urine metastable with respect to CaOx likely leads to the deposition of CaOx crystals on macromolecule-coated apatitic CaP of the plaque [5] .
In the presence of high urinary supersaturation with respect to a mineral or excretion of a poorly soluble substance in the urine, crystallization can occur in the renal tubules leading to tubular occlusion or plugging. When it happens in the collecting ducts, plugs extrude out of the ductal openings, examples include, CaOx crystals plugging the ducts of Bellini in the patients with primary hyperoxaluria [8, 15] or cystine crystals in the cystine stone formers [15] . These Randall's plugs can not only act as nidi promoting the formation of a stone through an overgrowth [5, 16] , but can also induce formation of an unattached stone. Randall's plugs are exposed to tubular urine on one side and pelvic urine on the other. As a result, plugs may have one type of crystal on the tubular end and another type on the pelvic end. Apatite plugs can be overgrown with brushite on one side and CaOx on the other [17] . An analysis of 142 spontaneously passed papillary stones showed that 19.7% of the stones were most likely formed attached to Randall's plugs of diverse compositions, including CaOx, uric acid, monosodium urate, and some other unidentifiable substances, such as drugs [18] .
Drugs, such as magnesium trisilicate, ciprofloxacin, sulfa medications, triamterene, indinavir, etc, when given in excessive amounts can produce kidney stones [19] , most likely through plugging of the terminal collecting ducts.
Similarly, poorly soluble dietary components can also crystallize in the renal tubules and produce kidney stones. Adulteration of the baby formula with melamine led to the formation of kidney stones in thousands of infants [20] , many requiring hospitalization and some even lost their lives.
Theoretical considerations
Vermeulen and colleagues proposed that free particles (crystals) traveling in the ducts of Bellini can grow so rapidly that they become trapped because of their size [21] . These crystal plugs act as nidi for the formation of stones attached to the renal papillary tips. This mechanism is called free particle mechanism. Finlayson and Reid calculated the likelihood of such a phenomenon occurring during CaOx stone formation using average normal values for oxalate excretion, rate of crystal growth, tubular dimensions, and urinary transit time through the kidneys. They concluded that even if all the oxalate was consumed and crystals grew at the fastest rate possible, crystalline mass would not be sufficiently large to be trapped because of its size, anywhere in the renal tubules or the renal pelvis [1] . They proposed an alternative model, the so-called fixedparticle mechanism, in which crystals become attached to the epithelial lining of the tubule at sites of local injury. The attached crystals grow, plug the tubules, and become nidi for stone formation.
Kok and Khan reexamined the free-or fixed-particle mechanism for CaOx stone formation incorporating new data on tubular dimensions, levels of oxalate excretion, supersaturation, crystal growth rates, diurnal variations in urinary flow, as well as the role of crystal aggregation in mass accretion [22] . Their calculations showed that, through aggregation, crystals formed in the glomerular filtrate can become large enough to be trapped in the collecting ducts, particularly those at the end of the long loops of Henle (LH). Aggregation is considered the fastest process by which particles can increase their size in a short span of time [23] and large aggregates have been seen in fresh urine excreted by stone formers [24] .
It has been proposed that urinary flow through the renal tubules is laminar [25] , in which case, flow velocity should be very small near the epithelium and may even be zero at the epithelial surface. Thus, crystals would be traveling at different speeds, moving faster in the middle of the stream and relatively slow near the tubular epithelium. Slow moving crystals would have a chance to grow bigger compared to the fast moving ones. Crystal movement would also be affected by the upward draining of the tubules as well as drag effect of the tubular wall. Robertson took into account these hydrostatic factors and further refined the model [26] . He concluded that crystals forming at the end of the descending limb of the LH and traveling close to the tubular epithelium can become large enough to be trapped in the tubular lumen.
Animal models

Calcium oxalate nephrolithiasis
A variety of animal models using mice, rats, rabbits, pigs, and fruit fly have been developed to study various steps involved in the pathogenesis of different kinds of stones. CaOx crystal deposition is almost always induced by the administration of oxalate or its precursors, such as ethylene glycol (EG) and hydroxyl-l-proline (HLP). The deposits are mostly aggregates of CaOx monohydrate crystals, occasionally mixed with crystals of CaOx dihydrate. The number and volume of CaOx deposits, their location, and their retention within the kidneys depends upon the quantity of the administered lithogen and urinary levels of oxalate [27] .
An acute increase in oxalate, such as through intraperitoneal administration, leads to crystal formation in all segments of the renal tubules [28] [29] [30] . Lower levels of urinary oxalate produce smaller crystals which are quickly cleared through urinary excretion [28, 30] , whereas higher urinary levels of oxalate produce larger crystal deposits. Human kidney stone formers are generally only mildly hyperoxaluria, and their stones are generally found connected to renal papillae. Similar conditions in the rats can be induced by administering 0.75% EG [31-33] or 5% HLP [34] through diet with or without ammonium chloride or calcium. In these rats, renal crystals are generally limited to papillary collecting ducts.
Crystals, depending upon intensity of hyperoxaluria, normally deposit at three renal sites: cortico-medullary junctions, papillary tips, and renal fornix ( Even though the inner diameter of ducts of Bellini can be as large as 100 µm, their openings into the pelvis at the papillary tips are slit-like with a width of about 28 µm [22] . As a result of these dimensional changes, larger crystal deposits cannot move with the urine and can be seen blocking the tubules at places, such as cortico-medullary junction and papillary tips [28, 30] . The morphology of renal tubular epithelium also varies considerably in different sections of the nephron. Proximal tubular cells have abundant long microvilli on the luminal side, while other segments either have stubby microvilli or smooth surfaces [37] . These features also affect the flow velocity and crystal movement. Smaller crystals appear retained by adherence to the epithelial surface [29] either directly or through microvilli. Crystal deposition also causes epithelial injury and cellular death. Cell death exposes the underlying basement membrane and is followed by epithelial regeneration. Crystals directly bind to the basement membrane [30] with regenerating epithelium growing over it (Fig. 3) [38] pushing the crystals into the interstitium and causing crystal retention.
The crystal attachment appears to be arranged by integration of the epithelial basement membrane with the organic matrix of the crystals (Fig. 3c) . Now, these crystals are not exposed to the urine and hence to the nurturing calcium and oxalate, thus they will be unable to grow. Moreover, the interstitial crystals become exposed to the body's inflammatory response and may eventually disappear [33] indicating the existence of crystal clearing mechanism in the normal kidneys [39] . Dead and dying cells are shed into the lumen, where they may promote formation of more crystals, their aggregation, and their retention through increased crystalline mass. Eventually, cellular degradation products become a part of the organic matrix of growing intratubular nephroliths [30] .
Crystals blocking the peripheral collecting ducts or those at the papillary tips or base produce small protrusions on the papillary surfaces (Fig. 1c, d ). Papillary epithelium covering the crystal deposits becomes stretched, develops cracks, and crystals ulcerate through ( Fig. 2a-d) to the surface, becoming exposed to the pelvic urine [32, 34] . These exposed crystals can act as an encrustation platform for future stone growth (Fig. 2 c, d ).
Hyperoxaluria and CaOx crystal deposition in the kidneys are also associated with significant changes in the production of macromolecules that modulate crystal aggregation and crystal adherence to the renal epithelium [31, 34, 40-51].
Cell culture studies have confirmed that exposure to oxalate and CaOx crystals leads to many physiological and pathological changes in the exposed cells from affecting the production of specific mineralization modulating molecules to cell injury, death, and promotion of crystal adherence [52] [53] [54] [55] [56] . Attachment is mediated by oxalate-induced exposure of phosphatidylserine on cell surfaces [57] . A variety of other molecules which are either produced or displayed on cell surfaces during cell proliferation or exposure to oxalate [58-60] may also be involved in 1 3 crystal attachment and retention within the tubules. CaOx crystals bind to hyaluronan on migrating and proliferating epithelial cells in culture [61] . Urinary macromolecules, such as citrate, nuceolin related protein (NRP), glycosaminoglycans, osteopontin (OPN), and bikunin, have been shown to be involved in modulating crystal adherence to the epithelial cell surfaces [55, 56, [61] [62] [63] [64] [65] [66] [67] [68] [69] . Normal urine contains macromolecules that inhibit crystal adherence to the renal epithelial cells in culture [70, 71] . Increased expression of OPN on renal epithelial surfaces promotes crystal adherence [56, 72] , while free OPN suppresses it [73, 74] . Surface bound NRP similarly mediates crystal attachment to the inner medullary collecting duct cells of the renal tubular epithelium [75] through highly acidic region. The secreted acidic fragment of the NRP, however, inhibits crystal attachment.
Direct measurement of interaction force between CaOx monohydrate crystals and Madin-Darby Canine Kidney (MDCK) cells by atomic force microscopy showed positive adhesion force [76] . Prior treatment with oxalate alone increased the adhesion force which is most likely a result of cell membrane damage and exposure of crystal-binding sites. The adhesion force was dependent upon ionic concentration, and 2.5 times higher in the presence of calcium than magnesium was high enough to enable crystal binding even in the flowing urine [77] . 
Calcium phosphate nephrolithiasis
Experimental hypercalciuria induced by the administration of vitamin D leads to the deposition of CaP in the renal tubules [78] . Consumption of AIN-76 diet by female rats results in the intratubular deposition of CaP crystals, mostly at the cortico-medullary junction [79] , where proximal tubules and loops of Henle meet, somewhat similar to what happens in rats with hyperoxaluria [28] . Increased urinary excretion of calcium in a genetic model of hypercalciuria produces aggregates of free floating CaP crystals in the urinary space [80] . However, sometimes, particularly in renal fornix, crystals were found attached to the papillary surface epithelium.
Targeted disruption of sodium phosphate co-transporter 2a (Npt2a) gene results in increased urinary excretion of calcium and phosphate [81] and renal deposition of CaP crystals [82] . By 6 months of age, all crystal deposits are interstitial. Deposits consist of aggregates of microspheres of needle shaped or plate-like matrix rich crystals of poorly crystalline biological apatite [83] . Apparently, crystals start in the tubular lumen and through a loss of tubular structure, secondarily become interstitial (Fig. 4) . Deletion of the gene encoding for sodium-hydrogen exchanger factor-1 (NHERF-1) in mice also leads to increased urinary excretion of calcium and phosphate [84] with small interstitial deposits of CaP in the renal papillae. Tamm-Horsfall protein (THP) null mice produced by ablating THP gene in (Fig. 5 ) in widened basement membrane of the collecting ducts and thin limbs of the loop of Henle [85] . Deposits appear nodular when examined using light microscopy. Transmission electron microscopy showed an aggregation of spherical units of various diameters with internal structure reminiscent of a cut tree trunk or onion with concentric rings around a center. Knocking out osteopontin (OPN) gene also leads to production of CaP deposits in renal interstitium in some mice.
Oxamide nephrolithiasis
Vermeulen studied stone pathogenesis by investigating the formation of oxamide stones in the rats [86, 87] . Oxamide is a relatively insoluble diamide of oxalic acid which when fed to animals forms large crystalline deposits in distal renal tubules, pelvis, ureters, and bladder. Oxamide is also uncharged with a small electrical dipole and thus somewhat similar to uric acid. We induced oxamide stone formation in male rats by feeding them oxamide mixed with powdered rat chow [88] . Morphological changes in the kidneys were examined by bright field and polarized light microscopy along with scanning electron microscopy. Oxamide appeared as dendritic crystals organized into spherulitic units. Within 12 h of being on the diet of 1.2 g oxamide per 100 g of powdered rat chow, rats produced small oxamide deposits in the bladder and renal pelvis. The size, number, and distribution of the deposits within the kidneys increased with time. In addition, spherulitic units of oxamide aggregated to form large irregularly shaped or mulberry-shaped stones in the ducts of Bellini, ureters, and renal pelvis (Fig. 6) . However, no stones or crystals were detected within the renal cortex and proximal tubules during the experimental duration of 144 h, even though stones up to 4 mm in size were seen throughout the urinary tract. The collecting ducts as well as ducts of Bellini appeared dilated. Large stones jammed the ducts of Bellini and plugged their openings into the pelvis (Fig. 6) . Some of the plugs appeared attached to the tubular epithelium and when fractured to reveal the interior, showed eccentricity. Such observations indicate that deposition might have started by crystal attachment or nucleation on the epithelial surface and grew from there into the lumen. The renal pelvis was also distended, but many stones therein appeared free and were easily dislodged. Some of the pelvic deposits also appeared attached to the papillary surface epithelium. Renal tubules that contained crystalline deposits appeared injured, releasing cellular debris into the lumen. Papillary surfaces appeared disfigured and at places were denuded of the surface epithelium.
Melamine nephrolithiasis
After melamine adulteration of pet food and baby formula was found to be responsible for the death of dogs, cats, and children [20, 89, 90] , a number of mice and rat models of melamine nephrolithiasis were developed [91, 92] . Melamine nephrolithiasis was induced by the administration of a combination of melamine and cyanuric acid. Crystal deposition and nephrotoxicity were dose and gender dependent [93] . Younger rats and males were more prone to both nephrotoxicity and nephrolithiasis than the females and older rats. Low doses did not produce crystal deposits. Crystal deposition was tubular and more common at cortico-medullary junction and renal papillae. All tubular segments appeared to be involved. Crystals were, however, also seen intracellularly as well as in the glomeruli. Crystal deposition led to dilatation of the tubules and epithelial degeneration through necrosis and apoptosis.
Concluding remarks
Results of animal model studies demonstrate that increased urinary excretion of sparingly soluble materials, such as drugs and participating ions, such as calcium, and oxalate, and decreased urinary levels of mineralization inhibitors are essential for crystallization in the kidneys. Renal tubular deposition is dependent upon urinary concentration and A B Fig. 4 Transmission electron microscopy of renal tubule of a Npt2a knock out mice (modified from J Urol 186:1107-13, 2011) [82, 83] . a Renal tubular lumen is completely occluded by calcium phosphate deposit (black star). Tubular epithelial cells appear normal with intact luminal membrane (arrows). Bar 10 µm. b Entire tubule is replaced by the calcium phosphate deposit which appears as a ministone with characteristic concentric laminations and scalloped surface. Black arrows mark the outer limit of the stones. White arrows point to the other normal appearing tubule with intact epithelia. Bar 5 µm supersaturation. Interstitial deposition appears to be less dependent upon supersaturation and more on availability of urinary crystallization modulating macromolecules. As presented in Fig. 7 , crystal fixation/retention within the kidneys is accomplished by tubular crystals: (1) adhering to renal tubular epithelium and/or their exposed basement membrane; (2) aggregating with other crystals creating a large crystalline mass blocking the tubular lumen; (3) moving into the renal interstitium through transcytosis or total loss of the tubular epithelium; and/or (4) forming in the renal interstitium/epithelial-endothelial basement membrane. What do these results from animal model studies tell us about the pathogenesis of kidney human stones? As discussed earlier, human stones develop attached to renal papillary surfaces through Randall's plaques, the interstitial deposits of poorly crystalline CaP, or to Randall's plugs, the crystal deposits plugging the openings of the ducts of Bellini. Animal models provide a clear indication that tubular plugs are formed in the presence of high supersaturation in the collecting ducts and crystal adherence to their renal epithelium was suggested by Randall himself [6, 94, 95] . Animal models have, however, provided only limited insight into the formation of sub-epithelial plaques on renal papillary surfaces. Studies of THP and OPN knock out mice suggest that these macromolecules may be involved in the production of at least the interstitial deposits of CaP. Transcytosis of intratubular CaP crystals from the apical to the basal aspect of the epithelium may also lead to the development of interstitial plaques [32, 96] . Animal model studies have also shown the existence of a crystal clearing mechanism, with respect to calcium oxalate which provokes an inflammatory response in the kidneys. Why do [4, 8, 14] . c Bar 2 µm; d bar 1 µm the apatitic plaques not instigate similar response? Perhaps kidney stone formers have a defective crystal recognition and clearance system, or CaP of the plaques, being poorly crystalline biological apatite, is not recognized as a foreign entity.
Alternatively, renal tubular epithelial cells or vascular endothelial cells of vasa recta may undergo transformation into osteogenic cells and produce CaP deposits on their basal side [97] . Transformation of vascular smooth muscle cells into osteoblast/chondrocyte phenotype appears to be the first step in vascular calcification in the kidneys [98, 99] . The co-existence of idiopathic stone formation and various cardiovascular diseases, such as hypertension, myocardial infarction, carotid artery atherosclerosis, and coronary heart disease [9, [100] [101] [102] , leads us to suggest that vascular calcification and RP formation may involve similar molecules and pathways [101, 103] . Interestingly, animal models of both CaOx [97] and CaP [104] nephrolithiasis have shown transformation of renal epithelial cells into osteoblast-like cells with increased expression of bone morphogenetic protein, runt-related transcription factor, and Osterix. (1) and exocytosed into the renal interstitium or cause damage to the renal epithelial cells leading to their death and ejection (2) exposing the tubular epithelial basement membrane (3). Many crystals either attach to the damaged epithelium or the exposed basement membrane (4) . Some cross into the interstitium. Interstitial crystals become surrounded by the macrophages (5) and may eventually be disintegrated. Other intratubular crystals aggregate with each other and cellular degradation products (6) eventually growing large enough to obstruct the duct of Bellini (7) and produce Randall's plug (DP), which is now continuously bathed in the pelvic urine on the one side and tubular urine on the other. Interstitial crystals may lead to localized inflammation and deposition of collagen fibers (L). Interstitial crystals may also induce osteogenic changes in the tubular epithelial and/or vascular endothelial cells (D) producing matrix vesicles (M) and biological calcium phosphate (P). These initial deposits promote further mineralization of the collagen fibers which eventually reaches the papillary surface epithelium producing sub-epithelial deposits of biological apatite, the Randall's plaque (RP). Loss of the papillary surface epithelium exposes the Randall's plaque to the pelvic urine. Exposure of the Randall's plaques and plugs to the pelvic urine metastable with respect to the CaOx promotes its deposition (yellow stars) on the plaques (RP) and plugs (DP) and formation of CaOx kidney stones attached to papillary surfaces 
